Chloride in atmosphere considerably reduces the corrosion resistance of conventional weathering steel containing a small amount of Cr. Ni is an effective anticorrosive element for improving the corrosion resistance of steel in a Cl-rich environment. In order to clarify the structure of the protective rust layer of weathering steel, Cl and Fe K-edge X-ray absorption near edge structure (XANES) spectra of atmospheric corrosion products (rust) formed on Fe, Fe-Ni and Fe-Cr alloys exposed to Cl-rich atmosphere were measured. The Fe K-XANES measurements enable the characterization of a mixture of iron oxides such as rust. The chemical composition of the rust was determined by performing pattern fitting of the measured spectra. All the rust is composed mainly of goethite, akaganéite, lepidocrocite and magnetite. Among these iron oxides, akaganéite in particular is the major component in the rust. Additionally, the amount of akaganéite in the rust of Fe-Ni alloy is much greater than that in rust of Fe-Cr alloy. Akaganéite is generally considered to facilitate the corrosion of steel, but our results indicate that akaganéite in the rust of Fe-Ni alloy is quantitatively different from that in rust of Fe-Cr alloy and does not facilitate the corrosion of steel. The shoulder peak observed in Cl K-XANES spectra reveals that the rust contains a chloride other than akaganéite. The energy of the shoulder peak does not correspond to that of any well-known chlorides. In the measured spectra, there is no proof that Cl, by combining with the alloying element, inhibits the alloying element from acting in corrosion resistance. The shoulder peak appears only when the content of the alloying element is lower than a certain value. This suggests that the generation of the unidentified chloride is related to the corrosion rate of steel.
Introduction
It is well known that weathering steel, which contains small amounts of Cr, P and Cu, possesses high resistance to atmospheric corrosion. The cause of this property is a protective rust layer formed on the surface of weathering steel, which can prevent the penetration of water and corrosive ions from the atmosphere. Structural studies by various spectroscopic methods, such as X-ray diffraction, [1] [2] [3] Raman, 4, 5) infrared 6, 7) and Mössbauer [8] [9] [10] spectroscopies, revealed that the protective rust layer has a double-layer structure. The inner layer mainly consists of ultrafine particles of Cr-goethite, which is -FeOOH containing a small amount of Cr. The protective ability is derived from the densely packed texture of the inner layer. 11) Additionally, it has been pointed that Cr-goethite possesses cation selectivity that prevents the penetration of aggressive corrosive anions such as chloride ions. 12) This property of Cr-goethite is thought to provide a high protective ability to the rust layer. Thus, Cr contributes greatly to the corrosion resistance of weathering steel.
The conventional weathering steel mentioned above is used in urban, industrial and rural areas because its corrosion resistance is considerably low in an environment of a large amount of chloride deposition. Many studies have been conducted so far to develop an advanced weathering steel usable under more severe atmospheric conditions, principally by reexamining the steel composition. Thereby, it has been found that Ni is a very effective anticorrosive alloying element in a Cl-rich environment. 13 ) However, we cannot conclude that the protective rust layer formed on the advanced weathering steel also possesses the property similar to that on conventional weathering steel, due to the lack of research on this issue.
It is known that the rust layer formed on steel in a Cl-rich environment contains a large amount of akaganéite (-FeOOH) in general. The structure of akaganéite consists of double chains of edge-shared Fe(OH) 3 O 3 octahedra running parallel to the fourfold symmetrical axis.
14-16) The 2 Â 2 tunnel structure is considered to be stabilized by Cl À ions that occupy the center of the tunnel. 17) When the surface of the steel becomes wet, Cl À ions in akaganéite crystals in the rust layer probably steeps into the water and acts as a corrosive ion again. Thus it is expected that a rust layer containing a large amount of akaganéite has a poor protective ability. Since the rust layer formed on advanced weathering steel has a high protective ability even in a Cl-rich environment, it is predicted that this rust layer contains only a very small amount of akaganéite.
The corrosion resistance of weathering steel undoubtedly depends on the kinds and amounts of not only the alloying elements but also corrosive ions in the environment. We must elucidate their roles in corrosion in order to improve the performance of weathering steel. There is a variety of research methods for this purpose. In cases where an alloying element changes the electronic state and/or crystal structure of steel at its surface so as to provide corrosion resistance to the steel, theoretical and experimental investigations on such a solid state of the steel are very important. If the alloying elements can be considered to be rate-limiting factors of the intermediate reaction in the corrosion process, which includes many formation and transformation pathways of various kinds of iron oxides, an in-situ experiment for clarifying the behavior of alloying elements and corrosive ions in the corrosion process is the most ideal approach methodologically. However, it is generally difficult in practice to take such an approach for several reasons. In the case where the rust layer itself possesses a protective ability, like that of conventional weathering steel, it is meaningful to analyze the local structural and chemical state of the alloying elements and corrosive ions in the final corrosion products. Such analysis may provide an explanation of the properties of the rust layer. Of course, information on the corrosion process can be gained by the analysis if the intermediate product of the corrosion process remains in the rust layer.
From the latter point, we have been characterizing the rust layer formed on the steel and Fe-based alloys by various methods. We have already performed X-ray absorption fine structure (XAFS) analysis to determine the local structure around the Cr atom in the protective rust layer formed on the conventional weathering steel that was used for a bridge girder and exposed for 17 years to an industrial atmosphere, using synchrotron radiation.
18) The experimental result revealed that Cr 3þ in the rust layer is coordinated with O
2À
and is positioned in the double chains of vacant sites in the network of Fe(OH) 3 O 3 octahedra in the goethite crystal. From this result, it can be inferred that the CrO x 3À2x complex anion facilitates the formation of the protective rust layer. However, the rust layer loses its protective ability in a Cl-rich environment. Therefore, we suspect that Cl prevents the formation of the protective rust layer by combining with Cr and interfering in the generation of CrO x 3À2x complex anions. XAFS methods, including extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) techniques, are highly effective for studying the local structural and chemical environments of a specific element in a material. They are useful techniques for obtaining structural information on even a material with low crystallinity that exhibits no distinct diffraction peak. Synchrotron radiation X-rays with photon-energy selectivity and high photon flux are indispensable to XAFS experiments at present.
Both conventional and advanced practical weathering steels contain various elements in addition to Cr and Ni. Some of the elements are added to modify other properties, for example, workability, weldability, and mechanical properties. There is the possibility that a certain element, which may be the target of an investigation on the corrosion property, will combine with such extraneous alloying elements and form a chemical compound that is unrelated to the corrosion property. It is meaningless to obtain information on the structural and chemical states of the target element in such a chemical compound. Besides, in the case of EXAFS study, the coexistence of a target element and another element having successive atomic numbers complicates the analysis of the EXAFS spectrum because the EXAFS spectra of the two elements overlap. Accordingly, although experiments on practical steel are very important, it is also necessary to investigate an Fe-based binary alloy containing only a specific alloying element to elucidate the fundamental role of that element in corrosion resistance.
Atmospheric exposure tests to obtain rust samples should be coordinated in a systematic program to control the methods and conditions to achieve experiments with high reliability. The National Institute for Materials Science (NIMS) has been carrying out extensive atmospheric exposure studies at several test sites in Japan since 1998, to compile a database concerning atmospheric corrosion of Febased binary alloys. 19, 20) We were, fortunately, provided with some exposed specimens from NIMS, so that we can plan and perform XAFS studies using synchrotron radiation to characterize the atmospheric rust layer of Fe-based binary alloys.
We have already reported the Cl K-XANES spectra of the rust on the Fe specimen and the Fe-Ni, Fe-Cr binary alloy specimens exposed for 2-3 years at Miyakojima, Okinawa, Japan, where the chloride deposition rate (units of mgÁNaCl/ (dayÁ100 cm 2 )) is the highest among several test sites. 21) The fundamental shape of the observed spectra indicates that akaganéite is contained in the rust samples. Additionally, the shoulder peak on the main absorption edge reveals the presence of the other chlorides in the rust samples. No proof of the generation of any well-known metal chloride, for example, FeCl 3 , CrCl 3 and NiCl 2 , in the corrosion process, was found in the previous study. The intensity of the shoulder peak depends on the kind and amount of the alloying elements, Ni and Cr. On comparing the shape of the shoulder peak at the same alloying content, the peak of the Fe-Cr alloy specimens is found to be more intense than that of the Fe-Ni alloy specimens. This probably reflects the difference in the structure of rust on these Fe-based alloys in the Cl-rich environment.
In this paper, we will present the results of Fe K-XANES measurements and Cl K-XANES remeasurements of the same rust samples as those employed in the previous Cl K-XANES measurements, and discuss the compositions of the rust layers of the Fe, Fe-Cr and Fe-Ni specimens exposed to the Cl-rich atmosphere.
Experimental

Sample preparation
All the rust samples used in this paper were provided from NIMS, as mentioned above. The methods and results of atmospheric exposure tests performed by NIMS are described elsewhere. 19, 20) We briefly describe the important points in the present study.
The dimensions of Fe and Fe-based binary alloy plates, which were prepared for exposure tests, were 150 Â 50 Â 5 mm 3 . The test site was the Japan Weathering Test Center at Miyakojima, Okinawa, Japan (24 44 0 N (latitude), 125 19 0 E (longitude)). The average deposition rates of pollutants, SO 2 and NaCl, in 2000 were 0.026 mg/(dayÁ100 cm 2 ) and 0.352 mg/(dayÁ100 cm 2 ), respectively. The specimens were supported horizontally under a metal roof during the exposure period. Meteorological and atmospheric data at the test site and corrosion weight losses were measured throughout the period of exposure. Micrographs of the rust layers on the exposed specimens were also taken by NIMS.
The samples used for XANES measurements in this study were the rust layers formed on the Fe, Fe-Ni and Fe-Cr specimens. The exposure period was 2 years for the Fe specimen and 3 years for the others. The chemical compositions of specimens are listed in Table 1 along with the corrosion weight losses after the exposure period. The weight loss of the Fe specimen was marked in comparison with those of the binary alloy specimens, even though the exposure period of the former was shorter than that of the others. This indicates that Ni and Cr act as effective anticorrosive alloying elements in the Fe-based alloys.
It has been confirmed that the rust layers formed on the specimens have the double-layer structure similar to that of conventional weathering steel, through microscopic examination by NIMS. It is desirable to separate the inner layer from the outer one to obtain homogeneous rust samples. Then we carried out the following insufficient but simple procedure. Firstly, we swept off the rust from the upper surface of a specimen with a nylon brush. Secondly, the rust layer adhering tightly to the surface was scraped off with a razor until the metal surface was exposed. Only the latter powders were used here as the sample of the inner rust layer. As seen in Table 1 , we label the rust samples alphanumerically in this paper. For example, A124 represents the rust samples obtained from the Fe specimen.
To identify corrosion products in rust samples from XANES spectra, we also prepared the following powder samples as reference compounds. 1) Goethite (-FeOOH), akaganéite (-FeOOH), lepidocrocite (-FeOOH) and magnetite (Fe 3 O 4 ): These are typical atmospheric corrosion products of iron. In particular, akaganéite is considered to be stabilized by Cl À ions. 2) NaCl, a major component of seawater. 3) NiCl 2 , a well-known stable (low hygroscopic) metal chloride.
We synthesized goethite and akaganéite according to a procedure reported previously 12) and utilized commercial chemicals for the others. The iron oxide references were used in the Fe K-XANES study. The others and akaganéite were used in the Cl K-XANES study. In the previous Cl K-XANES study, 21) we observed the spectra of MgCl 2 (another major component of seawater), NaClO 2 (relatively stable chlorate), FeCl 3 , CrCl 3 and CrCl 3 Á6H 2 O (well-known metal chlorides).
Cl K-XANES measurements
The reconfirmation experiments of Cl K-XANES were performed using synchrotron radiation at the bending-magnet beamline BL9A of the Photon Factory (PF) of the High Energy Accelerator Research Organization (KEK) in Tsukuba. This beamline is optimized for XAFS measurements. Its design and performance have been reported elsewhere. 22, 23) High photon flux can be obtained owing to the combination of a bent conical collimation mirror, a bent conical focusing mirror and a double-crystal monochromator equipped with Si (111) flat crystals. Flat double mirrors, which are Rh/Ni stripe-coated flat quartz plates, are installed before the experimental hutch to eliminate higher harmonics. Since the Cl content in the rust samples was very low, the XANES spectra were measured by the fluorescence method with a Lytle detector (fluorescent ion chamber detector) 24) filled with Ar gas.
The powder sample was spread over carbon tape attached to an aluminous holder and it was set in a sample chamber. An incident beam path tube and the sample chamber were filled with He gas for the reduction of air scattering. The intensity of an incident monochromatic X-ray was monitored by an ion chamber filled with He gas.
Fe K-XANES measurements
The Fe K-XANES measurements were performed at BL27B of PF. The photon source of BL27B is also a bending magnet. The main optical components are a double-crystal monochromator with Si(111) flat crystals and a flat plane mirror for eliminating higher harmonics. The reflection angle of the mirror is limited to a narrow range by the vertical aperture of the orifice in the vacuum path between the mirror and the end of the beamline. This orifice was installed to prevent serious vacuum trouble because unsealed radioactive materials may be used as experimental samples in the PF-BL27 area. 25) For this reason, the mirror could not be utilized for Fe K absorption XAFS, therefore, the elimination of higher harmonics was performed by 50% detuning of the double-crystal monochromator. The spectra were measured by the transmission method with two ion chambers filled with N 2 gas.
The powder samples were mixed with boron nitride (BN) powder and compressed into tablets to obtain homogeneous samples with suitable absorption coefficients, in other words, appropriate effective thickness. In the calculation of the weight ratio of the rust sample to BN, we assumed all the rust samples to be goethite. 
Background removal and normalization
In order to correct the background absorption due to supporting materials and the L-shell of the absorbing atom, the linear background determined in the pre-edge region was subtracted from the raw data. Each spectrum was normalized by the maximum main absorption above the absorption edge.
Results
Cl K-XANES measurements
We have already shown Cl K-XANES spectra of some rust samples (A124, D125, E125, H125 and I125) and those of some reference compounds, which were synthesized akaganéite, NaCl, MgCl 2 , NaClO 2 , FeCl 3 , NiCl 2 , CrCl 3 and CrCl 3 Á6H 2 O. 21) They were observed with the sample current method 26) at BL27A of PF, where the performance of the focusing mirror was insufficient for our study. In the present study, we remeasured the spectra of A124, D125, H125, akaganéite, NaCl and NiCl 2 at BL9A. In addition, the spectrum of J125 was measured for the first time. The measured spectra are shown in Fig. 1 . The photon energies of each absorption maximum, which are labeled A, A 0 , B and C in Fig. 1 , were determined from the first derivative of the spectrum. They are listed in Table 2 . The spectra observed in this measurement exhibit the same features as observed previously. 21) Statistic fluctuation of data was improved in comparison with spectra obtained previously, because of the higher intensity of the X-ray beam of BL9A. All spectra of the rust samples closely resemble that of akaganéite. However, it was reconfirmed that some of the rust samples, D125 and H125, exhibit a characteristic shoulder peak on the main absorption edge in these measurements. The shoulder peak appears at almost the same photon energy, 2823.5 eV, in the spectra of both the Fe-Ni and Fe-Cr alloy specimens. The weak shoulder peak can also be observed for A124 at this energy; it was indistinct in previous measurement because of large statistic fluctuation.
The shoulder peak was not observed for E125 (Fe-5Ni) in the previous study 21) or for J125 (Fe-9Cr) in this study. In other words, the shoulder peak appears only when the alloy content is low. For the rust samples of Fe-Ni specimens, the shoulder peak disappears with more than 5% Ni alloy content. Correspondingly, it cannot be observed at more than 9% Cr alloy content on the rust samples of Fe-Cr specimens. Thus the shoulder peak of the former disappears at a lower alloy content than does that of the latter. Additionally, it was reconfirmed that the intensity of the shoulder peak of the rust sample of the Fe-Cr specimen is more intense than that of the Fe-Ni sample with the same alloy content.
Fe K-XANES measurements
Fe K-XANES spectra of all the rust samples listed in Table 1 and those of iron oxide references (goethite, akaganéite, lepidocrocite and magnetite) are shown in Figs. 2 and 3, respectively. We recently found that these rust samples are mainly composed of iron oxides of the reference compounds, by means of X-ray diffraction. Then, we tried to obtain the percent composition of the rust samples. As the weight of a sample in a tablet, into which the sample and BN were compressed, may be difference from the desired weight, we performed following approximate calculation. The normalized spectrum I norm ðEÞ defined in Section 2.4, shown in Figs. 2 and 3 , is given by
where E is the photon energy, IðEÞ is the observed XANES spectrum after background removal, and I max is the maximum value of IðEÞ above the absorption edge. In general, it is difficult to calculate XANES spectra theoretically. Thus, we cannot calculate the exact value of I max . Alternatively, we Table 2 . The absorption maxima are ascribed to the transitions from the Cl 1s orbital to (A) the Cl 4p orbital, (A 0 ) the higher energy states in a Cl ion and (B) the molecular orbital originating mainly from the metal 3d and Cl 3p orbitals, respectively. The shoulder peak C of rust samples cannot be identified using the XANES spectra of well-known chlorides. This reveals that some kind of chloride other than akaganéite is contained in the rust layer of some Fe-based binary alloys with low alloy content. Table 2 Photon energies (in eV) of the peaks in the Cl K-edge XANES spectra for the rust samples and reference compounds as shown in Fig. 1 substitute the difference between the absorbance above and below the absorption edge, which can be obtained using Victreen's fomula, for I max . I max can be expressed approximately by
where H and L are linear absorption coefficients above and below the absorption edge, respectively. t is the thickness of the sample and S is the cross section of the X-ray beam. V is the sample volume through which the X-ray beam passes and is also expressed by the molar quantity m in the volume V, the molecular weight M and the density of the sample, as V ¼ m Á M=. The linear absorption coefficient is the product of the mass absorption coefficient M and the density . Thus,
where M,H and M,L are mass absorption coefficients above and below the absorption edge, respectively. They can be calculated using Victreen's formula. 27) Equation (1) becomes
where
If the sample is a mixture composed of multiple constituents, the XANES spectrum of the mixture, IðEÞ, is the sum of the spectrum of each constituent, IiðEÞ, for the i-th constituent. Thus we get
where S is independent of the constituent. On the other hand, IðEÞ can be made up of the normalized spectrum I i norm ðEÞ of each constituent by performing pattern-fitting calculation.
Coefficient i represents the contribution of each constituent to the main absorption peak height of the sample. Equations (5) and (6) show that the mole ratio of the i-th constituent is proportional to
The pattern-fitting calculation was performed using REX2000, which is X-ray absorption fine structure (XAFS) analysis software made by RIGAKU with a graphical user interface for Microsoft Windows. The best-fit patterns obtained by minimizing residual (R-factor) are shown in Fig. 2 with the observed XANES spectra. Good results of the calculation ensure that the main constituent of these rust samples are the iron oxides described above. The result of the calculation is listed in Table 3 . Figure 4 shows the mole ratio of the iron oxides in each rust sample graphically. Here we emphasize that akaganéite is the major constituent in all rust samples. . Dotted lines also show fitting patterns using the measured spectra of reference compounds (goethite, akaganéite, lepidocrocite and magnetite) shown in Fig. 3 . In all rust samples, the two patterns are almost identical. 
Discussion
Akaganéite in the rust layer
As mentioned in the introduction, the rust layer containing a large amount of akaganéite facilitates the corrosion of steel. On the other hand, the rust layer formed on advanced weathering steel containing the Ni alloying element has a high protective ability in a Cl-rich environment. Therefore, we could expect that the rust layer formed on the Fe-Ni specimens contains only a small amount of akaganéite. However, the experimental results of this study contradict our prediction. Figure 5 adapted from Fig. 4 represents the correlation between the amount of akaganéite in the rust of the Fe-Ni specimens and their Ni alloy content. Whereas the increase of Ni alloy content involves the enhancement of the corrosion resistance of the Fe-Ni specimens, Fig. 5 indicates that the amount of akaganéite in their rust layer also increases with Ni alloy content. Furthermore, the amount of akaganéite in the rust of the Fe-Ni specimens with higher corrosion resistance in the Cl-rich environment is greater than that in rust of the Fe-Cr specimens with lower corrosion resistance in the same environment, as seen in Fig. 4 . These experimental results indicate that it is quite likely that akaganéite generated in the presence of Ni does not facilitate the corrosion of steel.
Other chlorides in rust layer
The resemblance between the Cl K-XANES spectrum of akaganéite and those of the rust samples indicates that a great Fig. 4 Comparison of mole ratio of iron oxide in the rust samples obtained by pattern-fitting of the Fe K-XANES spectra. The calculated values are also shown in Table 3 . Contrary to our expectation, the rust of Fe-Ni alloy with high corrosion resistance in the Cl-rich environment contains a large amount of akaganéite that was considered to facilitate corrosion. Furthermore, the ratio of akaganéite increases with Ni alloy content. In other words, the higher the corrosion resistance of Fe-Ni alloy, the larger the ratio of akaganéite in its rust.
part of Cl À ions in the rust occupies the center of the vacancy tunnel of akaganéite. 17) This is consistent with the result of Fe K-XANES pattern fitting, which reveals that akaganéite is the major constituent in the rust samples. However, the shoulder peak of the spectra Cl K-XANES indicates the presence of a chloride other than akaganéite in the rust samples.
Sugiura and coworkers [28] [29] [30] [31] have already observed Cl K-XANES of various metal dichlorides and trichlorides, including the reference compounds employed in our measurements, using an X-ray tube. The experimental energy scale in Fig. 1 was calibrated by the first peak position of the spectrum of NiCl 2 , which was set to 2821.5 eV, as they reported. The spectra for almost all metal chlorides exhibit pre-edge peaks below the main absorption, such as the peak labeled B of the spectrum of NiCl 2 shown in Fig. 1 . These pre-peaks result from the transition from a Cl 1s orbital to the molecular orbitals composed of the metal 3d and Cl 3p orbitals. The photon energy of pre-peaks are 2819.9, 2821.5, 2821.2 and 2821.3 eV for FeCl 3 , NiCl 2 , CrCl 3 and CrCl 3 Á6H 2 O as we reported previously. 21) These are different from the energy of the shoulder peak of the rust samples. The Cl K-XANES spectra of the other metal chloride, which were reported by Sugiura and coworkers, also cannot explain the origin of the shoulder peak of the rust samples for the same reason.
Additionally, when Cl and a transition metal element make up a molecular orbital, the energy of the molecular orbital generally varies by the kind of metal element. Accordingly, it is expected that the pre-peak energy in the XANES spectra of the rust samples will be different between the Fe-Ni and FeCr specimens. In fact, the energies of the shoulder peak are almost the same among all the rust samples, as described in Table 2 . Therefore, there is no conclusive proof that Cl-Ni and Cl-Cr bonds exist in the rust samples. In particular, it cannot be verified that some kind of chromium chloride is generated in the corrosion process of Fe-Cr alloy. As was mentioned in the Introduction, we expected Cl to prevent the formation of the CrO x 3À2x complex ion, which is thought to play an important role in the formation of the protective rust layer of conventional weathering steel, by combining with Cr. Since chromium chloride was not found in the rust, our hypothesis has become dubious.
Of course, there is the possibility that the chloride in atmosphere has been taken in to the rust layer. Major chlorides in atmosphere are NaCl and MgCl 2 contained in seawater. However, the energies of the maximum main absorptions of these chlorides are different from that of the shoulder peak of the rust samples by more than 3 eV. Thus we feel strongly that the rust samples contain only small amounts of the constituents of seawater.
The shoulder peak disappears when the alloy content is more than 5% by weight for Fe-Ni alloy and 9% for Fe-Cr alloy. It should be noted that the distinct shoulder peak is observed only with low alloy contents. The corrosion weight loss of the Fe-based alloy specimens exceeds 80 mg/cm 2 over 3 years, within the range of the alloy content at which the shoulder peak can be observed, as seen in Table 1 . This suggests that the generation of the unidentified chloride, which exhibits the shoulder peak in Cl K-XANES spectra, is strongly related to the corrosion rate of steel.
Conclusion
We have measured Cl and Fe K-XANES spectra of the rust layer formed on Fe, Fe-Cr and Fe-Ni specimens exposed to a Cl-rich atmosphere. It was confirmed that the rust is composed mainly of the well-known iron oxides, goethite, akaganéite, lepidocrocite and magnetite, by pattern-fitting calculation using the Fe K-XANES spectra of the rust and reference compounds. Whereas akaganéite was thought to facilitate the corrosion of steel in general, the rust of Fe-Ni alloy, which has a higher corrosion resistance in the Cl-rich environment, is composed of a larger amount of akaganéite than is rust of Fe-Cr alloy with lower corrosion resistance. Thus it is expected that there is a qualitative difference between akaganéite in the rust of Fe-Ni alloy and that in rust of Fe-Cr alloy.
The rust layer of the specimen with a low alloy content shows a shoulder peak in the Cl K-XANES spectrum. This indicates that some kind of chloride other than akaganéite is contained in the rust layer, but we could not identify this chloride in this study. Therefore, there is no conclusive proof that Cl-Ni and Cl-Cr bonds exist in the rust layer. We previously found that the CrO x 3À2x complex ion plays an important role in the formation of the protective rust layer of conventional weathering steel. However, from the present results, we cannot confirm our original hypothesis that Cl combines with the alloying element Cr to reduce the corrosion resistance by preventing the formation of CrO x 3À2x complex ions.
The shoulder peak in the Cl K-XANES spectrum appears when the corrosion weight loss of the Fe-based alloy specimen exceeds 80 mg/cm 2 over 3 years. Additionally, the shoulder peak of Fe-Cr alloy is more intense than that of Fe-Ni alloy at the same alloy content. These findings suggest that the generation of the unidentified chloride is related to the corrosion rate and the role of alloying elements in the corrosion process of steel.
